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The tangential migration of GABAergic interneurons to the cortex requires the activity of several
transcription factors, but the mechanisms involved have remained elusive. In this issue of Neuron,
Rubenstein and colleagues demonstrate that the homeobox proteins Dlx1 and Dlx2 promote inter-
neuron migration in part by preventing the premature expression of PAK3, a serine/threonine kinase
that is later involved in neurite outgrowth and other aspects of interneuron maturation.Neuronal circuits in the cerebral cortex
comprise two main types of neurons,
excitatory projection neurons (or pyra-
midal neurons) and inhibitory inter-
neurons, which have diverse morphol-
ogies and physiological properties
but a common GABAergic mode of
neurotransmission. An appropriate
ratio of the two cell types is crucial
for normal cortical activity. An article
in this issue of Neuron (Cobos et al.,
2007) demonstrates that the transcrip-
tion factors Dlx1 and Dlx2 play an
essential role in the migration of
GABAergic interneurons to the cortex
and identifies the p21-activated kinase
PAK3 as an important player down-
stream of Dlx1/2.
Projection neurons and interneurons
have long been thought to have a com-
mon origin in the cortical germinal
zone, located on the dorsal side of
the embryonic telencephalon. How-
ever, the last 15 years have brought
about a revolution in our understand-
ing of how the cerebral cortex de-
velops, with the demonstration that
cortical interneurons in fact originate
far away from the cortex, on the ventral
side of the embryonic telencephalon.
From there, they must migrate a long
way around the telencephalic ventri-
cles to reach their final positions (Marin
and Rubenstein, 2003). Migrating in-
terneurons follow two main paths to
reach their destination, a superficial
one in the marginal zone of the cortex
and a deep one in the cortical subven-
tricular zone. From these locations
above and beneath the cortical plate
(CP), respectively, interneurons reach
their final position in the CP by migrat-ing radially inward and outward (An-
derson et al., 2001; Marin and Ruben-
stein, 2003). Some of the molecules
controlling this remarkable migratory
process have been identified, includ-
ing extracellular signals and receptors
involved in guiding neurons to their
appropriate location, and molecules
involved in rearrangements of the
cytoskeleton that take place during
migration (Marin et al., 2006).
Transcription factors have also been
implicated in the regulation of cortical
interneuron migration. Generation of
mice mutant for the homeobox genes
Dlx1 and Dlx2 in the laboratory of
John Rubenstein provided the first
direct demonstration that cortical
interneurons originate outside of the
cortex and showed that the Dlx genes
were essential for their migration (An-
derson et al., 1997). In the absence of
Dlx1 and Dlx2, interneurons are born
and differentiate but fail to migrate
and instead accumulate in the germi-
nal zone of the ventral telencephalon.
This is an important point because ex-
pression of Dlx1 and 2 is regulated
by the proneural transcription factor
Mash1, and these genes are therefore
part of a pathway that controls the
generation of cortical interneurons
(Casarosa et al., 1999; Poitras et al.,
2007). However, analysis of Dlx1/2
mutant mice clearly showed that these
genes are not involved in the neuro-
genic function of Mash1, but are
required later for the migration of cor-
tical interneurons (Anderson et al.,
1997; Yun et al., 2002). At which
stage(s) in the complex process of
cortical interneuron migration are DlxNeuron 54genes required? What are the down-
stream pathways involved? Are Dlx
genes also controlling other aspects
of cortical interneuron development?
These questions, raised by previous
work from the Rubenstein lab, are
now finding answers in their latest
study.
In the work published in this issue of
Neuron, Cobos et al. (2007) have re-
examined Dlx1/2 mutant mice and
have shown that the migration defect
of cortical interneurons correlates
with an excessive growth of neuro-
nal processes. To measure neurite
growth, they used a coculture assay
where GFP-labeled Dlx1/2 mutant
neurons, obtained by crossing Dlx1/2
mutant mice with Lhx6-GFP trans-
genic mice, were plated at low density
on a dense cell layer prepared from
wild-type newborn cortex. Cell mor-
phology visualized with GFP was
recorded over several days in culture,
and the number, length, and branching
of neurites were measured. In this
assay, Dlx1/2/ interneurons showed
abnormally longneurites.Whenmutant
cells were left longer in culture so that
axons could be distinguished from
dendrites, both dendrites and axons
showed increased length, while axons
also displayed reduced branching.
To determine whether these neurite
growth defects are transient or also
affect neurons that have already
migrated into the cortex, Cobos et al.
examined cortical interneurons in
Dlx1/;Dlx2+/ mice. It turns out that
development of cortical interneurons
is sensitive to Dlx dosage. In
Dlx1/;Dlx2+/ mice, one intact copy, June 21, 2007 ª2007 Elsevier Inc. 845
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tial migration of cortical interneurons.
However, the final radial phase of
migration was affected, with a fraction
of neurons accumulating in the super-
ficial and deep layers of the cortical
plate and failing to reach intermediate
layers. This showed that Dlx genes
control both the tangential migration
and the subsequent radial migration
of cortical interneurons. Interneurons
that had reached the cortex in
Dlx1/;Dlx2+/ mice displayed in-
creased neurite length and reduced
number of axonal and dendritic
branches when examined in the
coculture assay, a similar but milder
phenotype than that seen with
Dlx1/2/ interneurons, thus demon-
strating that Dlx genes inhibit the
growth of neuronal processes during
both the tangential and radial phases
of interneuron migration. This raised
the intriguing possibility that promo-
tion of migration and inhibition of neu-
rite growth are two related aspects of
Dlx gene function, perhaps controlled
by a common pathway downstream
of Dlx genes.
To address this idea, Cobos et al.
(2007) performed a microarray screen
to identify genes deregulated in
Dlx1/2/ interneurons. To focus their
screen on genes potentially involved
in neurite growth and neuronal migra-
tion, they prepared RNA from cells
obtained from the ventral telencepha-
lon of wild-type and mutant mice and
grown in vitro for 3 days, when mutant
cells already have abnormally long
neurites. Among the candidates identi-
fied were a number of genes known to
control cell adhesion, cell migration,
neurite outgrowth, or axon guidance.
Interestingly, some of these were
overexpressed in Dlx1/2 mutant neu-
rons and thus normally repressed by
Dlx1/2, especially among genes with
cytoskeleton regulatory functions. In
their article in this issue of Neuron,
Cobos et al. (2007) have further stud-
ied one of these genes, the p21-acti-
vated kinase PAK3, and addressed
its contribution to the Dlx phenotype.
PAK serine/threonine kinases are im-
portant effectors of the small GTPases
Cdc42 and Rac1 that regulate multiple
cellular processes, including cyto-846 Neuron 54, June 21, 2007 ª2007 Elsskeleton remodeling and cell motility
(Bokoch, 2003).
PAK3 mRNA expression is normally
high in cortical interneurons that have
reached their final destination in the
cortex and are differentiating, but it
is barely detectable in interneurons
before and at the beginning of their
migration. However, PAK3 expression
was clearly elevated in the Dlx mutant
interneurons that accumulate in the
ventral telencephalon. The relevance
of elevated PAK3 expression to the
Dlx phenotype became clear when
Cobos et al. (2007) manipulated this
expression. When PAK3 expression
was downregulated in cultured
Dlx1/2/ interneuron by transfection
of siRNAs, the overgrowth of their neu-
rites was largely rescued. Electropora-
tion of siRNAs together with GFP in sli-
ces of Dlx1/2/ brains also rescued
the migration of interneurons, but to
a much more limited extent. However,
electroporation of PAK3 in wild-type
brain slices resulted in a severe reduc-
tion of cortical interneuron migration.
Together, these findings provide
strong evidence that overexpression
of PAK3 contributes at least in part to
two distinct defects of Dlx mutant
interneurons, their failure to migrate
and their premature neurite extension.
The tight coupling of these two defects
and their common origin in PAK3 over-
expression raised the possibility that
they really are two sides of the same
coin. For example the migration block
of Dlx mutant interneurons might be
a direct consequence of the premature
growth of their neurites. However, the
experiments of overexpression and si-
lencing of PAK3 show that the two
phenotypes can be uncoupled. In
PAK3 silencing experiments, most
Dlx mutant neurons remained incapa-
ble of migrating despite the efficient
correction of the overgrowth of their
processes. In addition, PAK3 overex-
pression in wild-type interneurons im-
paired their migration but did not affect
the lengthening of their neurites, per-
haps reflecting the need for PAK activ-
ity to be membrane bound in order to
promote neurite extension (Bokoch,
2003). Together, these experiments
thus suggest that deregulation of PAK3
in Dlx mutant interneurons influencesevier Inc.separately neuronal migration and
neurite growth.
These experiments clearly establish
PAK3 regulation as a mechanism by
which Dlx genes control both the
migration and neurite outgrowth of
cortical interneurons. But how impor-
tant is PAK3 as a mediator of Dlx func-
tions? Rescue experiments, such as
those performed by electroporating
PAK3 siRNAs into Dlxmutant neurons,
are the best way to address this type of
question. The efficient rescue of the
neurite overgrowth phenotype argues
that PAK3 is on its own largely respon-
sible for the excessive neurite growth
ofDlxmutant interneurons. In contrast,
the modest rescue of neuronal migra-
tion suggests that additional genes
are involved in regulating interneuron
migration downstream of Dlx1/2. In
the expression microarray screen per-
formed by Cobos et al. (2007), many
genes that are potentially involved in
neuronal migration and/or cytoskele-
ton regulation were found to be
deregulated in Dlx1/2mutant neurons,
in addition to PAK3. One of them,
microtubule-associated protein 2
(MAP2), was found to be prematurely
expressed by Dlx mutant neurons,
like PAK3, and silencing of MAP2 by
electroporation of siRNAs rescued
the migration defect to the same mod-
est but significant extent as silencing
of PAK3.
Cobos et al. (2007) thus provide
evidence that Dlx1/2 promote inter-
neuron migration via regulation of
multiple molecular pathways, includ-
ing the repression of pathways that
inhibit migration and the activation
of pathways that promote migration.
Several receptors of signaling path-
ways implicated in cortical interneuron
migration were indeed downregulated
in the telencephalon of Dlx1/2 mutant
mice. An important follow-up on this
work will be to examine how the differ-
ent genes regulated by Dlx1/2 con-
tribute to the migration of cortical
interneurons and to identify direct
targets of Dlx proteins among them.
It will also be interesting to ask how
much there is in common between
the regulatory module controlling the
tangential migration of cortical in-
terneurons and modules controlling
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migration, such as the radial migration
of cortical pyramidal cells (Marin et al.,
2006).
How cell migration, a complex
process involving a multitude of inter-
actions between signaling molecules,
can be regulated by transcription
factors is not well understood. In this
context, the regulation of PAK3
expression by the transcription fac-
tors Dlx1/2 is particularly interesting,
because studies addressing the regu-
lation of this type of intracellular
signaling molecules usually focus on
the control of their activity by protein-
protein interactions. An additional
layer of regulation at the transcriptional
level may be important to produce
a precise amount of active protein,
which could be critical if the protein
has different functions at different
levels of activity. Cobos et al. (2007)
show that a high level of PAK3
promotes the growth of neuronal
processes but is detrimental to neuro-
nal migration. However, it is possible
that PAK3 also has a positive roleTRP Channel Stru
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Members of the transient receptor
potential (TRP) superfamily of cation
channels have emerged as primary
molecular sensors in diverse physio-
logical pathways (Clapham, 2003).in migration of cortical interneurons
when expressed at a lower level. PAK
proteins are involved in the motility of
fibroblasts and other cell types, where
they stabilize microtubules and the
actin cytoskeleton at the leading
edge of migrating cells (Bokoch,
2003). Although the role of PAK pro-
teins in neuronal migration is less well
understood, PAK activity has been
implicated in the migration of cerebel-
lar neurons, and significantly, overex-
pression of wild-type PAK in these
cells has been shown to inhibit exten-
sion of the leading process, suggest-
ing that PAK must be expressed at
a correct level to support neuronal
migration (Sakakibara and Horwitz,
2006). An attractive hypothesis is
therefore that Dlx genes are acting
throughout cortical interneuron devel-
opment to establish the different
expression levels of PAK3 and other
cytoskeleton regulatory proteins that
are required for their various functions.
By bridging the fields of transcription
and signal transduction, the work of
Cobos et al. (2007) takes us an impor-ctural Biology: N
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igh-resolution structure of a TRPV
odulation while revealing new fu
This is well illustrated in the mamma-
lian somatosensory system, where
TRP channels expressed by sensory
neurons of trigeminal and dorsal root
ganglia function as the initial detectors
Neuron 54tant step closer to understanding how
neuronal migration is regulated.
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